Analog Multiple-Input Multiple-Output Radio-over-Copper (A-MIMO-RoC) is an effective all-analog FrontHaul (FH) architecture that exploits any pre-existing Local Area Network (LAN) cabling infrastructure of buildings to distribute Radio-Frequency (RF) signals indoors. A-MIMO-RoC, by leveraging a fully analog implementation, completely avoids any dedicated digital interface by using a transparent end-to-end system, with consequent latency, bandwidth and cost benefits. Usually, LAN cables are exploited mainly in the low-frequency spectrum portion, mostly due to the moderate cable attenuation and crosstalk among twisted-pairs. Unlike current systems based on LAN cables, the key feature of the proposed platform is to exploit more efficiently the huge bandwidth capability offered by LAN cables, that contain 4 twistedpairs reaching up to 500 MHz bandwidth/pair when the length is below 100 m. Several works proposed numerical simulations that assert the feasibility of employing LAN cables for indoor FH applications up to several hundreds of MHz, but an A-MIMO-RoC experimental evaluation is still missing. Here, we present some preliminary results obtained with an A-MIMO-RoC prototype made by low-cost all-analog/all-passive devices along the signal path. This setup demonstrates experimentally the feasibility of the proposed analog relaying of MIMO RF signals over LAN cables up to 400 MHz, thus enabling an efficient exploitation of the LAN cables transport capabilities for 5G indoor applications.
. Analog MIMO Radio-over-Copper architecture In this context, C-RAN with analog FH based on Local Area Network (LAN) cables, namely Analog Radio-over-Copper (A-RoC), has been shown to be a cost-effective/bandwidth-efficient solution for upcoming 5G indoor networks [8, 9] . The A-RoC concept has been first proposed for femto-cell systems to exchange analog RF signals between a remote location hosting all PHY/MAC functionalities (BBU) and an in-home antenna device performing only the analog relay of signals (RRU) [4] . Afterwards, A-RoC gained lots of attention becoming the basis of commercial solutions exploiting the pre-existing LAN cables of buildings to extend indoor coverage over distances longer than 100 m [5] . By using all 4 twisted-pairs contained into the LAN cable at low-frequency (characterized by low attenuation and crosstalk interference), one can serve up to 4 antennas (e.g., 4x4 MIMO) per LAN cable. An A-RoC architecture for LTE signals, referred to as LTE-over-Copper, has been proposed in [10] and references herein, showing the capability to relay 3GPPcompliant LTE signals in the 21-24 MHz cable frequency band.
Although demonstrating the feasibility of the A-RoC architecture, the aforementioned works consider only the low-frequency portion of copper-cables, i.e., ≈ 0-120 MHz, due to low cable attenuation and crosstalk among twisted-pairs, thus not fully exploiting the transport capability of LAN cables. In this direction, A-RoC has been recently extended to the so-called A-MIMO-RoC architecture (see Fig. 1 ), precisely with the goal to make a more efficient usage of the large bandwidth offered by the 4 twisted-pairs contained into a single LAN cable, providing up to 500 MHz bandwidth/pair (2 GHz bandwidth overall) [8, 11] - [15] . Simulation results demonstrated that, in principle, a single 100-m Cat-6 LAN cable is capable to serve up to 60 RRU antennas each carrying a 20-MHz LTE signal, achieving up to 10 Gbps equivalent wireless data-rate [8] . However, it has been demonstrated that in order to achieve this performance figure, it is needed to define an opportune low-complexity/all-analog mapping of the RF signals at the RRU antennas onto a combination of twistedpairs/frequency channels over the cable. This wired-wireless resource allocation strategy, denoted as Space-Frequency to Space-Frequency (SF2SF) multiplexing, has been shown to minimize interference among signals carried over different twisted-pairs, hence enabling an efficient usage of the LAN cable bandwidth [11] [12] [13] [14] . An alternative formulation/solution to the RoC wired-wireless resource scheduling problem has been recently presented for 4G systems [16] , and then extended to 5G New Radio (NR) indoor architectures [17, 18] .
Previous works [8, 11] - [15] proved the effectiveness of A-MIMO-RoC in terms of equivalent wireless capacity by numerical analysis, however, an experimental validation of the A-MIMO-RoC architecture is still missing, and this is the focus of this paper. It is worth mentioning that the proposed A-MIMO-RoC platform is also suitable in antenna remotization scenarios for indoor WLAN applications where the cost of CPRI interfaces cannot be afforded.
Contribution: This paper presents preliminary experimental results demonstrating the potential of A-MIMO-RoC as an effective architecture for perspective 5G indoor networks. A prototype has been purposely developed in order to evaluate the performance of A-MIMO-RoC whereby multiple LTE signals are carried over the same LAN cable at high cable frequency, i.e., impaired by severe intra-cable crosstalk and cable attenuation [8] . In particular, experiments demonstrate the feasibility of transporting, in an allanalog fashion, multiple MIMO LTE signals over a single multipair copper-cable up to 400 MHz cable frequency with negligible performance degradation. This enables a more efficient exploitation of LAN cables transport capabilities, which are thus proved to offer enough bandwidth for indoor applications. To this aim, the TRIANGLE testbed [19, 20] played a key role in measuring the end-to-end performance degradation introduced by the proposed A-MIMO-RoC architecture.
Organization: The paper is organized as follows: Sect. II introduces the TRIANGLE testbed used for the experiments, while the setup for testing the A-MIMO-RoC platform is in Sect. III. Sect. IV shows some preliminary experimental results. Sect. V draws some preliminary conclusions and highlights future research directions.
II. THE TRIANGLE TESTBED
The TRIANGLE testbed is the main core of the H2020 TRIAN-GLE project [20] , whose objective is to promote the testing and benchmarking of 5G mobile applications and User Equipments (UEs). In particular, the TRIANGLE testbed allows to run multiple tests in a controlled environment that encompasses all elements of the telecommunication chain, from radio signal generation to the end-toend testing of mobile applications. An extensive description of the TRIANGLE testbed is outside the scope of this paper. Details can be found in [19, 20] , while here we review only the main elements that have been employed for the A-MIMO-RoC testing.
A. Keysight UXM RAN Emulator
The UXM Wireless Test Platform by Keysight Technologies allows to emulate multiple cellular networks in a controlled manner by supporting multiple Radio Access Technologies (multi-RAT), including GSM/GPRS, UMTS and LTE-Advanced networks (i.e., 2G, 3G, 4G and 4.5G). UXM features include intra-and inter-RAT handovers, protocol debugging, IP end-to-end delay, BLock Error Rate (BLER) and throughput measurements, in addition to the possibility of performing RF conformance tests. The UXM device offers great customization capabilities and an intuitive user interface, which allow to easily evaluate the Key Performance Indicators (KPIs) of interest under any possible system setting defined by the 3GPP. Moreover, the UXM device features an advanced fading engine with the main channels models defined by 3GPP [21] . The UXM device has been employed to generate the MIMO LTE radio signals and to emulate specific propagating channel conditions, e.g., the ETSI Pedestrian at 5 Hz (EPA5) channel model, which fairly describes the typical indoor office scenario targeted by the A-MIMO-RoC system.
B. Mobile Device Monitoring
In order to measure the KPIs perceived by the end-device, some additional tools, detailed below, are needed on the smartphones under test, i.e., the UE, according to the scenario in Fig. 2 .
1) Performance Tool : In order to guarantee high resolution reporting of the target QoS KPIs, especially in 5G scenarios, the DEKRA Performance Tool has been integrated into the TRIANGLE testbed [22] . Beside providing accurate one-way measurements, the DEKRA Performance Tool tool includes a built-in traffic generator and enables the automation and testing of Android mobile Apps by measuring relevant Quality of Experience (QoE) KPI. In particular, the DEKRA Performance Tool was employed to perform end-toend YouTube application testing, which allowed us to quantify the performance degradation introduced by the relaying over LAN cable in terms of YouTube video streaming quality. However, these results have not been reported here for brevity.
2) TestelDroid Mobile Monitoring App : TestelDroid is a software tool developed by the University of Malaga (UMA) [23] that enables passive monitoring of radio parameters and data traffic in Androidbased devices. Logging is implemented as an Android service that can be running in the background logging all information while running the application under test, e.g., YouTube. This functionality enables monitoring of traffic information generated by any application, which extends the testing to a very wide range of use cases. The logged parameters (neighbor cells, GPS, traffic, etc.) can be flexibly configured.
III. A-MIMO-ROC EXPERIMENT SETUP
To test the A-MIMO-RoC platform, we used the TRIANGLE testbed in the typical device-testing configuration [20] , but inserting a 4-pairs RJ45 Cat-5e LAN cable between the RF output ports of the UXM and the RF connections at the UE (see Fig. 2 ) to evaluate experimentally the performance degradation due to the allanalog RF-to-RF relaying of signals over copper. As shown in Fig.  2 , the RF signals from the UXM are transported by two LAN-to-Coax Converters (L2CCs) to the remote antennas and then to the UEs. For lack of space, a detailed circuit description of the two converters, that represent the core of the A-MIMO-RoC platform, is omitted here. L2CCs are two identical devices connected back-toback through the RJ45 LAN cable. The L2CC on the right of Fig. 2 , together with a simplified block diagram detailing the role of each of the components used for the experiments (i.e., RAN Emulator, L2CCs, LAN cables and UE). In details, the experiment setup is as follows (only the downlink is described, uplink is symmetrical): (i) up to 4 RF LTE signals are generated by the UXM; (ii) RF cables are connected at each RF output ports of the UXM; (iii) the signal carried on each RF cable is down-converted to IF to match the bandwidth over the LAN cable, e.g., in the 10-400 MHz frequency range, possibly multiplexed in frequency over cable by the first L2CC; (iv) each IF-converted signal is conveyed by one of the 4 twistedpairs: cable adaptation/equalization, coax-to-pairs mapping and RF/IF down-conversion between coax and twisted-pair is performed by the L2CC; (v) at the other end of the LAN cable, the second L2CC performs cable adaptation/equalization, pairs-to-coax de-mapping and IF/RF up-conversion to interface with the UE under test by using RF cables; (vi) DEKRA Performance Tool and TestelDroid, integrated into the TRIANGLE testbed, are used to test the UEs.
IV. EXPERIMENTAL RESULTS
The focus of this experiment was to demonstrate the viability of remotizing RF antennas by relaying multiple LTE signals over the same 50-m Cat-5e LAN cable and to evaluate the end-to-end performance degradation introduced by the cable. It is well known that the low-frequency spectrum of LAN cables is suitable for transmission due to the mild crosstalk among pairs and cable attenuation (see [8] Tx Power -20 dBm/ ( Fig. 4-5 ), -15 dBm/ (Fig. 6) for typical LAN cables characteristics). However, in order to enable a more efficient usage of the LAN cable bandwidth, our goal is to prove that also the more challenging high-frequency spectrum of LAN cables can be exploited for the analog FH transmission.
In particular, we tested the relaying over copper-cable of a 2 × 2 MIMO LTE signal using the LTE system settings parameters reported in Table I . Performance have been evaluated in the DownLink (DL) direction in terms of throughput and BLER for different Modulation and Coding Schemes (MCS) values, ranging from 0 (0-QPSK) to 17 (17-16QAM) [24] . In all experiments, we run the tests by keeping fixed each MCS configuration for a duration of ≈ 2 minutes. Each measurement point of plots is the average of the given performance metric over 500 ms of test to obtain approx. 240 measurements points for each MCS. Two main experiments, detailed in the following, have been performed for testing the A-MIMO-RoC platform. 
A. A-MIMO-RoC and cable IF
The goal of this experiment was two-fold: i) to prove the feasibility of transporting the 2 RF bands, corresponding to the 2 MIMO ports, over 2 different twisted-pairs of the LAN cable but at the same cable IF frequency fIF, where each pair interferes with the other one (see Fig. 3 ); and ii) to evaluate the performance degradation caused by increasing the value fIF, i.e., to increase the interference among pairs and the attenuation levels [8] .
In Fig. 4 -5, throughput and BLER are shown considering a Static MIMO channel at -20 dBm/BW input power by using three different cable IF values, as shown in Fig. 3 : fIF = 75 MHz (blue curves), fIF = 175 MHz (red curves) and fIF = 400 MHz (yellow curves). The maximum theoretical throughput achievable by each MCS [24] (black dashed line) over the considered channel bandwidth (BW ) is shown as reference, thus quantifying the performance degradation introduced by the proposed system. For the BW = 5 MHz case, shown in Fig. 4 , the loss in terms of throughput introduced by the A-MIMO-RoC setup is almost negligible for all considered MCSs and fIF values. As expected, BLER increases for high MCS, but the degradation with respect to the maximum achievable throughput is still small. However, for BW = 10 MHz shown in Fig. 5 , the maximum throughput is achieved for all MCSs only for fIF = 75 MHz, while for fIF = 175 MHz and fIF = 400 MHz the maximum MCS values that can be employed with fairly low BLER are 15-16QAM and 11-16QAM, respectively. This performance degradation, which is more pronounced for higher fIF, is totally expected, and it is explained by the fact that both cable crosstalk and attenuation levels increase with cable frequency [8] . Moreover, the transmit power is the same for both settings, i.e., BW = 5 MHz and BW = 10 MHz (see Table I ). Hence, the smaller the channel bandwidth, the higher the Signal-to-Noise Ratio (SNR) per subcarrier, which explains the better performance obtained in the BW = 5 MHz case. Notice that, as both L2CCs are all-passive and bi-directional devices, signal relaying over cable introduces a significant attenuation (in the order of 60 dB for both L2CCs) which forces the whole system to work close to the UE sensitivity [24] , even by setting the transmit power to the maximum value allowed by the hardware devices. It is thus expected that the performance loss observed in case of BW = 10 MHz can be avoided by introducing some signal amplification in the system design, which is left as future works. In any case, Fig. 5 confirms the feasibility of relaying LTE signals over high-frequency copper-cable bands: even in the worst case of 2 LTE bands carried over 2 different twisted-pairs at the same fIF = 400 MHz, it is still possible to achieve a throughput of ≈ 10 Mbps over BW = 10 MHz. Of course, WLAN indoor scenarios with shorter cables (e.g., length ≈ 10-20 m) can fully exploit the transparent antenna remotization capabilities and performances of the A-MIMO-RoC platform.
B. A-MIMO-RoC and Channel Models
The goal of this experiment was to evaluate the performance of the A-MIMO-RoC platform for different MIMO channel models. In particular, we adopted the EPA5 channel [21] , as it fairly describes the propagating conditions of the indoor office environment targeted by the A-MIMO-RoC platform. We considered a 2 × 2 MIMO LTE signal with BW = 20 MHz, where the 2 RF bands were transported over 2 different twisted-pairs at the same frequency fIF = 175 MHz. In this experiment, the input power was set to -15 dBm/BW . Fig. 6 shows that, in the case of Static MIMO channel, even for BW = 20 MHz, the performance degradation introduced by the cable is negligible (apart from a small loss for high MCS). However, for the EPA5 channel model, performance get worse, especially for medium and high channel correlation and for high MCS. In fact, for practical applications, BLER should be below 10-15%: higher BLER would imply continuous HARQ/ARQ retransmissions leading to unacceptable end-to-end latency, and thus nullifying the latency benefits of the all-analog FH. Accordingly, Fig. 6 shows that for low-and medium-correlated channels, performance for practical applications are limited to 16QAM with ≈ 17 Mbps throughput, while they are further reduced to QPSK (< 15 Mbps) for highcorrelated MIMO channel. Once again, the reason for this loss relies in the all-passive circuitry implementation of our system, that strongly simplifies the hardware design of the prototype but introduces a significant attenuation. The power fluctuations introduced by the EPA5 channel make the system oscillate around the UE sensitivity threshold for high MCS, which explains the curves' behavior in the rightmost portion of the figure.
V. CONCLUDING REMARKS & FUTURE WORKS
This paper presents some preliminary experimental results asserting the feasibility of the Analog MIMO Radio-over-Copper (A-MIMO-RoC) architecture to transparently relay multiple Radio-Frequency (RF) LTE signals over a single LAN cable in an all-analog fashion, even at high cable frequency. To this aim, an A-MIMO-RoC prototype platform with transparent RF-to-RF capabilities has been purposely developed. The conclusions drawn by the experiments can be summarized as follows: i) LAN cables bandwidth capability can be exploited up to several hundreds of MHz for transparently transporting MIMO RF signals indoors, even when such signals are transported over different twisted-pairs but at the same Intermediate-Frequency (IF), thus affected by strong cable-crosstalk interference; ii) the performance degradation experienced for high Modulation and Coding Schemes (MCSs) and high IF values is mainly due to the low signal power received at the user device caused by the attenuation introduced by the analog relay over cable; iii) again, due to the overall system attenuation, the prototype developed appears to be quite sensitive to signal power variations, and this reflects in performance loss when employing non-static MIMO channel models, e.g., ETSI Pedestrian at 5 Hz. However, with shorter LAN cable length e.g., for WLAN indoor applications, the overall system attenuation problem is no more an issue. Concluding, although the fully passive implementation considered here substantially simplifies the hardware design, experiment results suggest that most of the issues encountered might be solved by introducing some active circuitry such as active equalization, amplification and power adaptations in the LAN-to-coax converters. However, this is far from being trivial, and it is left for future developments of our technology. Finally, further experiments need to be conducted in order to evaluate other critical metrics such as the end-to-end latency or more detailed packets' statistics.
